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THE SIGNIFICANCE OF ATMOSPHERIC EFFECTS IN
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SUMMARY

l f&l

The physical properties of the atmosphere pertain to the basic elements

of rocket ballistics. The influence of these atmospheric properties on both

rocket design and performance are grouped under three topics, namely.

a. Rocket design climatology

b. Atmgspheric rocket physics

c. Atmospheric environments for rocket firings.

"Rocket design climatology" provides the rocket designer with quantita-

tive design criteria in terms of global climatological parameter values at

discrete probability levels of occurrence. These atmospheric parameters

include climatological "profiles" (as a function of altitude) of wind speed,

wind shear, atmospheric turbulence, density, pressure, temperature, hydro-

meteors, and atmospheric radiation. The physical relations of these atmos-

pheric quantities to aeroballistic parameters of rocket design are discussed,

and include such aerodynamic quantities as dynamic pressure, drag, lift, axial

and normal forces, moments, angle-of-attack; also flowscale parameters as

Mach number, Reynolds number, Prandtl number, etc. A status report on

the establishment of a station-wise aerological climatology is given.

The topics in "Atmospheric rocket physics" pertain to the mechanics of

reaction of the rocket shell and its interior members to particular atmos-

pheric phenomena encountered along the rocket flight path. Also, the mechanics

of complex atmospheric features like free-flow turbulence, collection and



impingementof hydrometeorsat bothsub- andsupersonic-flight speeds,
atmospheric-aerodynamicheatingprocesses, andrarefied gaseffectsare
exploredwith regard to rocket flight. Theurgencyof atmosphericmeasure-
mentsin the "Ignosphere"between30and100km altitude is stressed.

Thearea of "Atmospheric environmentsfor rocket firings" is con-
cernedwith the atmosphericcriteria for both flight performanceandflight
safetyof rocket firings. Aerological climatologieshaveto be appliedwith
trajectory programmingandpreflight rocket stability analysis. Theatmos-
pheric data for thepost-flight analysisof the overall rocket performancehave
to beprovidedby meteorologicalobservatorieson the rocket firing ranges.
The pertainingproblem of atmosphericdataacquisitionandhighaltitude
instrumentationis discussed, emphasizingits primary significancein aerology
for rocket flight purposes.

I. INTRODUC_ON

If a bodyis propelled througha medium, thephysical properties of this
mediumhaveto be knownin order to determineor predict the motionor the
pathof the propelledbody. Thesephysical properties notonly comprise the
"static" parametersof the medium, like pressure, temperature, or density,
but also its dynamicparameters, describingthe eventualmotionsof the medium
itself, or its "currents". This statementholdstrue for anairplane flying in
the relatively low regions of theatmosphere,for a torpedotravelmgthroughthe
water, as well as for a rocket beingfired throughlarge depthsof the atmosphere.
Theprobability that a torpedowouldscore a hit wouldbe slight if the man,
firing the torpedo, overlookedthe existenceof a substantialwater current
betweenhis ship andthe target ship.

In thecaseof rockets, the properties of the atmospherehaveto bestudied
and understoodto determinetheir impacton the flight mechanical, structural,
and, generally, ballistic behaviorof thefired rocket along its trajectory through
the atmosphere. Thenaivearguer contendsthat the rockets travel too fast to
be influencedby the atmosphere. As a matter of fact, thefaster avehicle
travels themore severewill be the external atmosphericdisturbance. This
will beexplainedlater in this paper. The secondargumentmaintains that since



lift forces are hardly effectivein rocket aerodynamics,otheraerodynamicforces
wouldnotbe effectiveeither. Dragforces,however,representa substantial
problemin rocketballistics, andconsiderableeffort has to bemadein the
stability-control andguidanceareato overcomelateral aerodynamicforces and
moments. Atmosphericeffectson rocket shells constituteanessentialpart of
rocket ballistics, andshouldbe thoroughlyconsideredandanalyzed.

For approximatelytenyears, atmosphericproblemshavebeendealtwith
in thevarious rocket developmentactivities (Reisig, Referencel). This work
originatednewconceptsin meteorology,particularly in climatology. Thecon-
ventionalclimatologyof meteorologicalagencieswasprimarily concernedwith
climatologicalphenomenaat the surfaceof theearth. Therocket developer,
however,needsto knowthe climatologicalfeaturesof theatmospherein the
vertical direction, throughoutthetroposphereup to highaltitudesin the strato-
sphere (Figure 1). In the meantime,rocket developersestablishedthebasis
for anextensiveaerologicalclimatology(Alfuth andSmith, Reference2), suited
to rocket designandflight performancepurposes.

Furthermore, newconceptsof atmosphericphysicswere developed,partic-
ularly from rocketballistics whichdonotexist in conventionalclimatology.
Primarily, atmosphericdensitydoesnotexist as a commonatmosphericparam-
eter in conventionalmeteorology,althoughit is of eminentimportanceto
rocket ballistics. Anytime the rocket designerrequestsfrom meteorologists
densityinformationeither on the surfaceor in the free atmosphere,thesedata
haveto bespecifically computedat theexpenseof the rocketdevelopingagency.

Anothervery important atmosphericparameterwhichdoesnotexist in terms
of climatologyis thevertical wind shear. With its manymodificationsandspeci-
fications for ballistic purposes,thevertical wind shearconceptwasdeveloped
by the rocketballisticians as a conciselydefinedatmosphericquantity. From
studiesof flight mechanicalconditionsof rockets in nonstationaryairflow,
rocket ballisticians foundthat conventionalmeteorologydoesnot providea
clear definition of thegeneralwindprofile whichis necessaryfor anunequivocal
derivation of thevertical wind shear (Reiter, Reference3). Thefirst statistical
compilationof vertical wind-sheardataof thefree atmospherein existencewas
accomplishedfor theAtlantic Missile Range(Patrick Air Force Base, Florida).

A very great handicapexists if conventionalmeteorologicalinformation is
usedin rocket designwork bec_u_emeteorologistshaveabandonedthe concept
of "altitude". Meteorologiststreat upper atmosphericdata as a function



of pressure surfaces becausethis is moreconvenientfor synopticalworkand
numericalforecasting. Figure 2 indicatesthat thesurfacesof constantpressure
vary their altitudeswith theparticular weathersituation. This "ill-famed
phenomenon"is well knownin aviation, since thebarometric-typealtimeter in
theairplanehasto be consistentlyreset accordingto the surfacepressure during
flight in theprevailingweathersituation(RoessgerandRaenicke,Reference4).
It is quiteobviousthat therocket ballistician doesnot at all care for the synoptic
altitudelocationof a certain pressuresurface. For his ballistic problems, he
mustknowthepressurethat is to bemet at a definitealtitudeof therocket tra-
jectory. But the meteorologistcanno longerprovidethis informationfrom his
routine data, andspecifically, it hasto bepreparedat the expenseof there-
questingrocket developingagency.

Summarizing,it is concludedthat the rocket developingagencyhasmore
thanjust goodreasonfor extensiveinvestigationsin all pertinentareasof atmos-
pheric effectson rocketballistics, andinto their quantitativebackground. This
is required for the followingreasons:

a. To formulateand clearly understand the physical processes occurring in

the atmosphere which affect the rocket on its trajectory.

b. To translate the atmospheric effects on rockets in the proper meteoro-

logical terms to convey the rocket designer's needs to the meteorologist.

c. To interpret meteorological facts into terms of rocket ballistics for the

benefit of the rocket designer.

d. To establish definite atmospheric conditions for rocket firings.

H. ATMOSPHERIC ROCKET BALLISTICS

The field of atmospheric rocket ballistics can be organized conveniently

within three major areas, namely (Table I) :

a. Rocket design climatology.

b. Atmospheric rocket physics.

c. Atmospheric environments for rocket firings.



In general, the first area, rocket design climatology, is devoted to providing

the rocket designer {which includes the rocket ballistician) with quantitative

design criteria. These parametric criteria represent the input data for a

certain rocket design to meet the atmospheric conditions prevailing along its

projected trajectory, both with regard to the structural strength of the rocket

shell and the control and guidance stability of the rocket.

The general topic for the second area, "Atmospheric Rocket Physics",

consists of the analysis of the specific reactions of the rocket shell and its in-

terior components to the particular atmospheric phenomena to be encountered

by the rocket along its trajectory. The physical interactions between the rocket

and its medium of propagation, the atmosphere, have to be analyzed in mathe-

matical terms. The goal of these mathematical derivations is the establish-

ment of the atmospheric "perturbation functions" as the input for any kind of

rocket stability analysis. All of these developed analytical methods provide

the tool for the rocket designer to treat the atmospheric interference on the

rocket in proper quantitative form.

Finally, the third area, "Atmospheric Environments for Rocket Firings",

is concerned with providing the atmospheric criteria for the rocket firings at

any selected launching site. Proper atmospheric information is needed for the

programming and scheduling of rocket firings, and for the prediction of rocket

flight performance. The control of rocket flight safety has to be maintained with

regard to prevailing atmospheric conditions. Furthermore, the atmospheric

data for the post-flight analysis of the rocket performance have to be collected.

A. TOPICS IN ROCKET DESIGN CLIMATOLOGY

The topics of rocket design climatology may be represented by eight branches

of aerological climatology which are (Table H) :

a. Wind climatology.

b. Wind shear climatology.

c. Turbulence and gustiness climatology.

d. Density climatology.

e. Pressure climatology.
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f._' Temperature climatology.

g. Hydrometeor climatology.

h. Radiation climatology.

In particular, the following shouldbe explained about these specific branches
-of rocket design climatology:

1. Wind Climatology. The wind is one of the two principal inputs

into rocket ballistics, the other being density. Before any further discussion

of the ballistic wind effects, the wind and its associated terms should be clari-

fied in order to eliminate the usual confusion about characteristic wind features.

"Figure 3 shows an idealized profile of the windspeed - on the abscissa - versus

altitude - on the ordinate. The light zigzag trace indicates the actual or instan-

taneous windspeed, measured with instrumentation of sufficient resolving

power. The heavy solid trace represents the average windspeed which persists

for a longer time period, preferably for a few minutes up to several hours.

The meteorologists are particularly interested .in this average windspeed pro-

file for analyzing and forecasting the weather. Therefore, this average wind-

speed has been designated "synoptic wind" in terms of atmospheric ballistics.

The wind shear is 'defined as the change of windspeed of the average wind-

speed profile with an increment of altitude:

WS = Aw/Ah.

The emphasis in this definition lies on "average" _indspeed, which means,

the wind shear represents the rate of change of windspeed which significantly

contributes to the "buildup" of the average wind profile. Imagine that the
average windspeed profile is constructed from a minimum number of consecu-

tive "windshear triangles" with hypotenuses as large as feasible. This wind-

shear definition is of the greatest significance to the analysis of rocket bal-

listics in general, and of stability problems in particular. In contrast to this

windshear concept, the slope of the actual zigzag windspeed curve has been

termed "wind gradient", indicating the instantaneous derivative of the wind-

speed with altitude. The slopes of these short-time wind fluctuations do not

contribute to the buildup of the average windspeed profile. The resultant of

the wind gradients, summed up over a proper altitude interval, approximates

zero because of the alternating positive and negative amplitudes of the short-

time windspeed fluctuations (Essenwanger, Reference 5, page 8).



With these definitions of the windspeedprofile in mind, the effects of the
windspeedon rocket ballistics are concernedwith (Table IH) :

a. Angle of attack, which affects rocket stability, rocket path, andthe
structural strength of the rocket.

b. Attitude angle of rocket axis, as related to angle of attack.

c. Lateral acceleration of rocket center of gravity.

d. Dynamic pressure, which enters into practically every aerodynamic
quantity like lift, drag, moment, etc.

e. Mach number, which is a very influential parameter in high speed

flight.

f. Reynolds number, which is of particular concern with drag and heat

transfer problems in the boundary layer of the rocket shell.

Any climatology for the purpose of rocket design shbuld be of global signif-

icance because the usability of any rocket type should be independent of

the geographic location of the launching site. The only global windspeed

climatology available so far is one derived from 12 stations in the northern

hemisphere (Figure 4; Reisig, Reference 6).

The slightly idealized curves of Figure 4 show the scalar windspeeds which

will not be exceeded for the indicated percentage level of probability or fre-

quency of occurrence. For instance, at the 50 percent level, which approxi-

mately represents the average case, the global windspeed will not be higher

than 15 meters per second at any altitude, or only in one-tenth of one percent

of the cases, will the windspeed be higher than 94 meters per second at any

altitude level. In terms of rocket ballistics, these percentile windspeed limits

mean the following: If the structural strength of a rocket shell were laid out

for a wind speed of 94 meters per second, only one rocket out of 1000 would

be likely to have structural failure because of potential higher wind speeds.

The windspeed climatology shown in Figure 4 was established in April 1958

and should be revised on a true global scale, as soon as possible for better

reliability of the rocket design criteria. The scientifically, well-analyzed

material of 47 global stations is on hand, and more stations are currently

being obtained (Table IV A and B).



The frequency distributions of wind speed in Figure 4 contain the true magni-

tudes of all wind speeds occurring in any possible wind direction. Therefore,

these wind values are termed the "scalar" wind speeds. They represent the

"worst possible condition" for rocket application. Applying these windspeed

probabilities to any specific rocket flight mission would exaggerate the actual

wind influence on the specific rocket performance. This results from the fact

that each ballistic rocket trajectory stays in a predetermined flight plane direc-

tion which not necessarily coincides with the prevailing instantaneous wind

direction at any flight altitude. Rather, only a component of the true wind

speed will generally be projected into the preselected flight plane, thus reducing

the windspeed acting on the rocket shell in the direction of a particular rocket
reference axis.

For an illustration of this wind situation with respect to ballistic effects on

the rocket, Figure 5 represents the mean windspeed in the north-south plane

("meridional" windspeed) at Cape Canaveral, Florida, during December (Smith

and Vaughan, Reference 7). A north-south flight plane of the rocket is assumed

for this case. The average windspeed in the north-south flight plane is almost

zero during December, except for windspeeds below two meters per second in

the lowest five kilometer altitude range (solid line in Figure 5). For comparison,

the scalar windspeeds have been included in Figure 5 (dashed line), w_ch ila-

crease up to almost 40 meters per second (at 13 km altitude) at the same lo-

cation and during the same month. It is quite evident how much the wind effects

in direction of the longitudinal axis of the rocket would be overestimated if the

scalar windspeeds would be applied for a north-south flight plane direction.

However, the average windspeed components in the flight plane direction

(average meridional windspeeds) still do not give the most realistic wind in-

formation to be applied for the selected rocket flight direction. In the average

windspeed profile for a particular plane, windspeed components of opposite

direction are lumped together for the statistical evaluation. Hence, the average

meridional wind speed of zero in Figure 5 could be fictitious if opposite wind-

speeds with closely equal magnitudes would occur at a certain altitude level

with about equal frequencies. Then "head winds" and "tail winds" (with respect

to the chosen rocket flight plane) would approximately cancel each other out in

the averaging process. That this particular condition is true in the chosen

sample case is demonstrated in Figure 6A and Figure 6B. For these two wind-

speed fr6quency distributions, the very same wind data populations have been used

for the profiles in Figure 5. However, the cases of northern( Figure 6A)

and southern (Figure 6B) windspeed components have been averaged separately

in one pertaining profile each. Thus, the actual existence of head and tail winds



becomesevident, which are considerably different from zero windspeed. These
"semiplanar" windspeedprofiles truly represent the most adequatewind pro-
files applicable to ballistic rocket problems if conventional climatological
statistics are used; for instance, classifying wind data according to time periods
of seasonsor months.

Although the windspeedfrequency profiles as shownin Figures 6A and 6B
properly represent the features of headand tail winds in a particular rocket:
flight plane, they still lack considerable reality with respect to the "historical"
truthfulness of individual wind profiles. It has to be realized that the statis-
tically derived wind profiles only represent envelopesof windspeedswhich will
not be exceededat a certain probability level. These profiles will never be en-
countered during any particular rocket flight, and thus lack "historical" reality.
Actually, it could happenthat the true wind situation for a certain missile tra-
jectory may alternate from the "head wind" profile at one flight altitude to the
"tail-wind" profile at an adjacent flight altitude. Anyway, the individual fea-

tures of any "historical" wind profile are lost during the statistical evaluation
process. However, the history of atmospheric perturbations along the rocket
trajectory is quite essential for the flight mechanical analysis of the rocket
stability behavior, andfor trajectory perturbations.

Investigations concernedwith the climatology of "historical" wind profiles
revealed that certain types of windspeedprofiles are characteristic for certain
typical weather situations prevailing at a selected geographic location (Essen-
wanger, Reference 8). In particular, it was found that a constant direction of
a layer of atmospheric flow just abovethe surface layer readily characterizes
a typical weather situation at a certain location. Figure 7 represents a very
instructive sample of this close relation betweenweather situation and constant
flow direction in a low "entrance layer" of a typical wind profile. The sample
is taken from the wind data of Washington, D. C. (Silver Hill) (Reference 8).
The data pertain to the summer season. The "entrance layer" of constant flow
direction extends from 1500to 3000meter altitude. The profiles represent
the meanwind direction, as a function of altitude, for equal flow direction at
the "entrance layer". It appears significant that flow directions in the "entrance
layers" from east through south to west are followed by "veering" directional
profiles in the troposphere. In contrast, "entrance layers" with wind directions
from west through north to east are followed by "backing" directional profiles
in the troposphere. In the region of the tropopause, all directional profiles
tend toward the eastern flow direction. In the stratosphere up to at least 30
kilometers, an :almost unique eastern flow direction is prevailing. This means
that the atmospheric conditions in the stratosphere during the summer evidently
are independentof the tropospheric weather situations (Faust, Reference 9).

9



Oncethe classification of mean wind direction profiles as a function of weather
situations hasbeen established by means of the "entrance-level" conceptwith con-
stant flow directiO_n,the windspeedprofiles can be classified accordingly. Figure
8 presents the mean scalar windspeedprofiles classified according to the wind
direction classes of Figure 7. Although theseWindspeedprofiles exhibit a simi-
lar shapefor all classes, the actual variation of meanwindspeedamongthese
classes is quite substantial. It amounts to a maximum of 16meters per second
at 14kilometers altitude, which is about 68percent of the maximum windspeed
in any of the meanprofiles. Also, the variation of the slopes of many of the
typical windspeedprofiles shouldbe noticed, whosesignificance shall be dis-
cussed under the topic of wind shear climatology (Section II. A. 2. ) . Of course,
it still hasto be investigated which onesof these windspeedclasses are signi-
ficantly different from each other, or whether a consolidation of someadjacent
classes would be indicated statistically.

After the classes of typical windspeedprofiles have beenestablished by means
of characteristic parameters of atmospheric flow direction, a more strictly
analytical approach can be rendered toward the windspeedclassification. Perti-
nent investigations by Essenwanger"(Reference 10) have already resulted in
analytical representations of wind profiles by means of low-degree polynomials.
Figure 9 shows, in the left graph, a satisfactory typification of an individual
wind direction profile by a five-term polynomial. The right graph presents
the close typification Of the pertaining windspeedprofile by a two-term Fourier
series. Applying this analytical method, climatology thenproceeds from the
statistical treatment of accumulations of sequencesof individual numbers in
conventional climatology to the climatology of representative functions which
will opena new era of aerology.

2. Wind Shear Climatology. In t}m.atmospheric ballistics concept,

the wind shear has been defined in Paragraph II. A.i as the rate of change of the

average windspeed with altitude which contributes.significantly to the "buildup"

of the average windspeed profile.

Ballistic effects of the wind-shear phenomena apply to both flight-mechanical

stability problems and structural-strength problems of rocket shells. In

particular, the ballistic parameters involved are (Table V):

a. Angle of attack increments.

b. Angular velocity of rocket axes about rocket center of gravity, as re-

lated to angular velocity of angle of attack.

10



c. Changeof lateral accelerations.

d. Non-stationary parts of aerodynamic forces and moments, as conse-

quence of items a, b, and c.

Flight mechanical analysis of wind-shear effects on rocket shells proved that

the wind-shear magnitudes depend on the height interval selected for the der-

ivation of the wind-shear data. This property of the wind-shear magnitudes

was recognized as early as 1952 (Reisig, Reference 1). Therefore, the

"Scale of Distance" (SOD) concept was established, which represents the

height interval for which a particular wind-shear v_lue is valid (Vaughan,

Reference it). Figure 10 shows the magnitude of the wind shear as a function

of Scale of Distance. The parameters for these curves are the probability

levels for which the indicated wind-shear magnitudes will not be exceeded.

Particularly, for Scales of Distance below 1500 meters, the wind-shear magni-

tudes increase with a relatively high power. It has to be emphasized again that

all wind-shear curves in this graph are derived from one and the same set of

raw wind data. An integral discussion of the flight mechanical significance of

the Scale of Distance dependency of wind shear is presented in Reference 12.

The first wind-shear climatology ever established is the one for Cape Canav r

eral, Florida, as shown in Figure ii. The graph presents the annual cumu-

lative frequency-of-occurrence of the wind-shear values of various probability

levels, and as a function of altitude. The Scale of Distance was selected to be

i000 meters. Evidently, the largest wind-shear values evolve with increasing

cumulative frequency levels at altitudes between the local jet stream level

(about 13 kilometers altitude) and the local tropopause (circa 16 kilometers

altitude). The relation between rocket characteristics and wind-shear probabil-

ities is similar to the one with wind-speed probabilities. For example, assume

a control system designed for rocket attitude stability at wind-shear values up

to 99 percent probability of occurrence. Then, only one rocket out of 100 would

not be safe against stability failure, with all possible wind-shear values, or i00

percent wind-shear frequency, ever occurring in the particular location under
consideration.

Although the wind-shear climatologies of several significant stations are avail-

able by now (Table IV A and B), the establishment of a global wind-shear clima-

tology remains tobe an urgent need for rocket-design purposes, particularly in

the areas of aeroelasticity of rocket shells, and control and guidance systems.
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3. Turbulence Climatology. With the progressive refinement of the

guidance and control characteristics of modern rocket concepts, the significance
of non-stationary air forces of short duration has been recognized. These

aerodynamic impacts of sho_t duration are created by atmospheric turbulence,

or gustiness. The ballistic impact of atmospheric turbulence is similar to

that of wind shear. The turbulence impacts on the rocket shell, however, are

of shorter duration, but repeat themselves much more frequently in a random

manner (Figure 3). The following ballistic effects have to be considered in

turbulence climatology (Table VI):

a. Scale of turbulence, which indicates the size of the eddies of the air

flow, representing turbulence.

b. Both absolute and relative frequency of occurrence of the significant

eddy sizes.

c. Frequency spectrum of both eddy sizes and eddy intensities with regard

to potential resonance effects in the control and guidance system of the rocket

and the aeroelastic properties of the rocket-shell structure.

d. Angle-of-attack increment, which is also of much shorter duration than
in the case of wind shear.

e. Disturbing angular accelerations of the rocket axes, causing non-stationary

aerodynamic moments of short duration but with high frequency of occurrence.

A turbulence climatology in the true sense, either on local or global scale, is

non-existent. For the analysis of aircraft performance, so-called "gust-speeds"

have been statistically evaluated (Press, Reference t3). In Figure 12, these

"gust-speeds", as measured during aircraft flights, are compared with statis-

tical evaluations of short period wind-speed fluctuations measured on rocket

flights (Vaughan, Reference tl). In this graph, both the median (50 percent)

and the 99.9 percent frequencies of occurrence of gusts for both aircraft

(dashed line) and rocket measurements (solid line) are plotted versus.alti-

tude. It is quite obvious that significant peaks of the gust speeds are missing

in the aircraft-measured data. Also, the aircraft measurements indicate a

bulge of gust speeds arqund two kilometer altitude. This fact might be explained

by the larger population of aircraft data broadly covering all turbulence con-

ditions in the western half of the northern hemisphere. The rocket-measured

turbulence data originated uniquely in the Cape Canaveral firing range. The

described: discrepancies of the two sets of gust data illustrate the urgent
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necessity of much more extensive measurementsof atmospheric turbulence,
utilizing refined methodsof high resolution as applied with the presented rocket
measurements (Reisig, Reference 14). Only with such measurementsof suf-
ficient detail, the urgently-needed global turbulence climatology could be es-
tablished.

4. Specific Ballistic Aspects of Wind Influence on Rockets. The

significance of wind parameters for rocket ballistics may be illustrated by a

few more dynamic implications.

First, in Figure 13, the contribution of the windspeed to the airflow velocity

is presented for two different trajectories of a two-stage, tactical ballistic

rocket with 750 kilometer ballistic range. These two types of trajectory are

distinguished by the different duration of the coasting periods between the two

propelled phases of the ascenting flight path of this rocket configuration.

The two trajectories are affected by either the median (50 percent) or the

99.9 percent frequency of occurrence of the global windspeeds. In the median

case of windspeed occurrence, the influence on the airflow velocity is in the

order of 1 percent. For the 99.9 percent frequency, however, the influence

of the wind may increase up to 20 percent of the airflow velocity. Such magni-

tudes of wind component would produce angle-of-attack values of over ten degree,

which creates a severe condition for the structural integrity of the rocket shell.

For illustrating this statement, Figure 14 explains the relations between rocket

velocity, windspeed, and angle-of-attack in the "Velocity Triangle". It is seen

that the angle-of-attack is included between the rocket velocity vector (Vg r) and
the vector of the airflow velocity against the rocket shell (v a) . The windveloc-

ity (w} represents the closing vector in this velocity triangle. It is evident

from the graph that, for a given rocket velocity, the angle-of-attack is deter-

mined by the instantaneous magnitude of the wind vector. For simplicity, it is

assumed in Figure 14 that the wind blows parallel to the surface of the earth,
and that the attitude of the rocket axis is identical with the direction of the

tangent to the trajectory (direction of Vg r) .

The significance of windspeeds influencing the aerodynamic loads on a

rocket shell may be seen from Figure iS. This graph shows the dynamic

pressure versus flight altitude of a ballistic rocket with 325 kilometer ballistic

range, together with the allowable angle-of-attack for this rocket configuration.

The indicated angle-of-attack values are determined by the aerodynamic load

which the structure of the rocket shell can marginally stand under the pre-

vailing dynamic pressure. It is seen t_rom the graph (Figure 15) that

the allowable angle-of-attack is a minimum at the altitude range of the highest
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wind speedsin the troposphere, as indicated by the jet stream altitudes. This
controversial ballistic condition might prohibit a rocket firing in caseof a very
strong jet stream being present abovethe launching area. This sample illustrates
quite well the importance of knowing the intricate atmospheric conditions for
firing a rocket successfully.

Another sample of wind effects on rocket performance is concerned with
attitude stability. As a matter of experience, an angle-of-attack of one-half
degree is considered the threshold value for attitude stability investigations of
the control system. It is now interesting to know which windspeedsproduce
this marginal angle-of-attack value along the rocket trajectory {Figure 16).
By comparing several rocket types, it turns out that the selected type of a
two-stage ballistic rocket is, in general, somewhatless sensitive to wind in-
fluences than the two other ballistic rocket configurations of 325and2800kilo-
meter ballistic range. This meansthe referenced two-stage ballistic rocket
can stand somewhathigher windspeedsthan the other two rocket types before
an angle-of-attack of half a degree develops. Above 40 kilometer altitude, the
rocket with 325kilometer ballistic range is the most sensitive configuration,
with about 20 meter per secondwindspeedfor half a degree of angle-of-attack.

This windspeedvalue remains valid up to about 60kilometer altitude. Since
windspeedsbetween t0 and 20 meters per secondbegin to affect the rocket at-
titude from 20 kilometers altitude upward, it appearsnecessary to know the
individual wind conditions throughout the stratosphere, as a routine measure
for rocket flights.

A last sample may illustrate the bearing of fast changesof wind velocity, or
gusts, on the structural strength of a rocket shell, in terms of bendingmoments.
Figure 17 represents the bendingmoments of the shell of the SCOUTrocket
indicating the suppression of peak loads becauseof the application of the smooth-
ing rawinsonde measuring technique for wind data (dashed line), in comparison
to the detailed, "true" wind data from the smoke trail wind measurement (solid
line) {Rhode, Reference 15). The rawinsondewind data, representing essen-
tiallythe meanwindspeedprofile {SectionH. A. 1), falsify the true peak bending
loads by a factor larger than four. Neglecting the instantaneousdetail features
of the vertical windspeedprofile may very well result in structural failure of
a rocket shell. The necessity of quick-response andtrue-amplitude wind-meas-

uring systems is most obvious from the given samples.

5. Density Climatology. As mentioned before, density is one of the

two predominant atmospheric parameters in ballistics (Table VII). Its impor-

tance derives from the fact that density is one of the constituents of dynamic
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pressure. Dynamicpressure enterspractically into everyaerodynamicquantity
of anybearing, suchasdrag, lift, aerodynamicforce, etc. Notrajectory calcu-
lation could bemadewithout dynamicpressure information, and, hence, without
density information.

Other aerodynamic parameters dependingon density are Reynolds number
and Prandtl number which enter , to a large degree , into boundary layer and
heat transfer problems, as mentionedbefore.

Global density climatology is still in a relatively unsatisfactory condition.
Figure 18shows the consolidation of the average density deviation from the
reference standard derived from five stations (Reisig andAlfuth, Reference
16). Of course, these few stations cannot be considered representativ_ for the
whole globe. For practical purposes of numerical treatment, density values
are given as RMSdeviations from a reference standard density profile. The
ARDC StandardAtmosphere has beenchosenas the reference density standard.
This improvised global density profile, nevertheless, clearly indicates the layer
of almost constantdensity at about eight kilometer altitude. This layer of mini-
mum density deviation was discovered by Linke (Reference 17), some forty
years ago. Another layer of minimum density deviation canbe recognized be-
tween 20and 25kilometer height. The recent investigations of Faust and his
associates (Reference 18) characterized this altitude bandof minimum density
deviations as a secondLinke layer.

Another approach to quantitative presentation of density criteria for rocket
design has beenfollowed by Alfuth and collaborators (References 19and 20).
In their analysis, the statistical density fluctuations are presented in terms of
polynomials as functions of large geographic areas and of the seasonsof the
year. The coefficients of the two-dimension_],polynomials of up to the fifth
degreewere determined by meansof the method of least squares. The twelve
monthly mean values of air density for each of fifteen stations served as input
for the computation of the polynomials at 25 altitude levels, with altitude in-
crements of one kilometer. Figures 19 through 22 show samples of the ob-
tained density polynomials. Figures 19and 20 were selected from the altitude

region of maximum density deviation from the ARDC standard density (Figure

18) around 12 kilometer altitude. Figure 19 presents the absolute density values

as a function of the month during the year for three different latitudes. As can

be seen, the density variations at a subtropical latitude are very slight over the

year. The amplitude of the density variation increases with higher geographi-

cal latitudes, and is always positive. The maximum density value at this al-

titude level occurs between July and August, and amounts to a maximum of 10

percent at 45 degree latitude. Figure 20 shows the density values versus geo-

graphic latitude for the four seasons of the year at 12 kilometer altitude. At
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this height in the atmosphere, the density data uniquely decrease from lower to
higher geographical latitudes. Also, the density is highest in summer (July)
and lowest in winter (January) at any latitude.

In comparison and in contrast to the density variations at 12kilometer alti-
tude, or abovethe first Linke layer, Figures 21and 22 showthe corresponding
density variations at 4 kilometer altitude, or below the Linke layer. Comparison
betweenFigures 19and 22, and Figures 20and 22, indicates that the respective
density profiles at 4 kilometer altitude appear mirrored about a horizontal axis
from the profiles at 12kilometer altitude. That means, the density values, at
least at both 45 degree and 10degree latitude, reach a minimum during summer
(Figure 21), and they increase from lower to higher latitudes during all four
seasonsof the year (Figure 22).

The presented graphs may demonstrate the climatological potentialities of
the polynomial method. The analytical approach still has to be refined to in-
clude the third dimension, which is geographic longitude. At least, the avail-
able polynomials of atmospheric density permit approximate mean density pro-
files to be established in geographical areas which are not covered by meteor-
ological stations.

Rocket design experience shows that cumulative frequency density profiles,
as indicated for 50percent probability in Figures 18 through 22, do not suffice
as input into problems of ballistic analysis. As in the caseof wind climatology,
the "historical" shapeof the individual density profile has to be preserved in
contrast to the envelopefeatures of the cumulative frequency profiles. Again,
this requirement calls for the derivation of populations of typical density pro-
files, representing the density properties of significant weather situations.

A first investigation on the topic of typical mean density profiles has been
performed by Essenwanger(Reference 21). The few test casesproved that for
extratropical stations the fit of a density profile by means of a three-term poly-
nomial was already representative by more than 85percent of the original pro-
file. Hence, it appears justified to develop a density climatology basedon
classes of polynomial coefficients, representing typical density profiles asso-
ciated with typical weather situations.

In Table IV A andB, the individual stations are listed for which the conven-
tional aerological climatology of atmospheric density is available at this date.
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6. Pressure Climatology. The atmospheric pressure also is one of

the basic parameters in the aerodynamic aspects of ballistics. Pressure dis-

tributions around ballistic shells are the key to their aerodynamic behavior.

The following ballistic effects are listed for illustration ( Table VIII) :

a. Pressure Coefficient. The pressure distribution around any

flying body is characterized by the pressure coefficient, Cp. As indicated in

Table VIII, Cp is proportional to the difference between the static pressure on
the surface of the body and the pressure in the undisturbed air flow, which is

the ambient atmospheric pressure (Pa) in case of a rocket flight. The pressure

coefficient essentially determines the drag of a body, and also enters into the

lift determination. Hence, deviations of the actual atmospheric pressure from

a standard atmosphere should be known in aeroclimatological terms.

b. Base Drag. This type of drag results from the difference of

the pressure at the rear of a rocket shell and the ambient atmospheric pressure.

In certain Mach number ranges and for certain rocket config_trations, this base

drag may be as high as 60 percent of the total rocket drag. For optimizing

the base drag behavior of a certain rocket configuration, the global atmospheric

pressure climatology has to be known.

c. Thrust Gain. This phenomenon is due to atmospheric pressure

acting as a counter pressure against the nozzle-exit pressure of the rocket en-

gine. Decreasing external pressure raises the effective thrust of the engine.

In the case of an engine with 60,000 kp thrust in a rocket of 2800 kilometer

ballistic range, this thrust gain is a maximum of 18 percent. The pressure

climatology is needed to optimize this pressure gain over the entire propelled

flight period of the rocket.

d. Density Determination. The density so far is not a primary

quantity of meteorological routine measurements. In terms of the state of gas

equation, the atmospheric pressure determines the atmospheric density in con-

junction with the atmospheric temperature.

Up to now, a global pressure climatology as a function of altitude does not

exist. Table IV A and B contains a listing of the stations for which conventional

aerological climatologies of atmospheric pressure are available at this date.

7. Temperature Climatology. The gas temperature enters into any

intricate analysis of the air flow around ballistic shells. The following ballis-

tic parameters may be quoted for illustration (Table IX) :
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a. Density Determination. Besides atmospheric pressure, the
atmospheric temperature is the decisive factor in determining the atmospheric
density in terms of the state of gas equation.

b. The Mach number is dependenton the atmospheric tempera-
ture in terms of the velocity of sound.

c. The Reynolds number dependsin two ways on temperature,
the latter determining both viscosity and density.

d. The Prandtl number also ctependstwo-fold on temperature,
the latter incurring into both viscosity and density.

e. Drag Coefficient. The ballistic significance of atmospheric
temperature becomes duly evident from the trend of the drag coefficient which
dependsonboth Machnumber and Reynolds number, as well as on Prandtl
number in the case of hypersonic flight. Variations of atmospheric tempera-
ture thus influence the range of rockets by means of corresponding drag vari-
ations, which include the temperature effects onboth atmospheric density and
coefficient of drag (Roth and Saenger, Reference 22),

f. Aerodynamic Heating. Atmospheric temperature enters as
a basic factor into the stagnation temperature, which controls the very important
heatingproblems of rocket shells traveling at supersonic speeds. The efficiency
of heat stagnation is controlled by both the Reynolds and Prandtl number, which
introduces a more complex dependenceon temperature.

The situation with the climatology of atmospheric temperature is just as
unsatisfactory as with pressure climatology. A global temperature climatology
doesnot exist at all. The stations for which local aerological temperature
climatologies are available at this time are listed in Table IV A and B.

8. Hydrometeor Climatology. From flight experience with high-speed

aircraft, and from a few wind tunnel tests, the destructive effects of hydrometeor

impacts on flying bodies have become known. Rocket shells traveling at speeds

of Mach numbers three to five times greater than those of the fastest type air-

planes might experience near-fatal damage when impacted by hailstones or even

large rain drops. Other types of hydrometeors to be considered for the po-

tential damage to rocket shells, or functional failure of outside instrumentation,

include graupet, ice crystals, ice pellets (sleet), snow flakes, or even cloud

droplets, if aerodynamic condensation effects should be involved (Table X).
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The hydrometeor interference with rocket shells is a severe aerodynamic
problem as well as a problem of atmospheric physics andaerological clima-
tology. The aerodynamic aspects of the hydrometeor problem will be discussed
in more detail in SectionII. B. 2. A typical example of adverse aerodynamic
effects of hydrometeors on vital rocket componentsis the potential clogging of
angle-of-attack meters in supercooled rain clouds. Also, the modification of
aerodynamic profiles by adhering hydrometeors usually has adverse effects on
the flight performance of bodies, as is well knownfrom airplane operation. As
far as the atmospheric properties of the hydrometeoric phenomenaare concerned,
the following climatological parameters have to be analyzed:

a. The frequencies of occurrence of the types of hydrometeors,
as quotedabove, particularly in relation to specific weather situations. These
synoptic conditions shouldpreferably be expressed in terms of characteristic
profiles of temperature, humidity, and any other pertinent atmospheric param-
eter, as, possibly, vertical wind shear.

b. The frequency distributions of momentum (i. e., mass times
flow velocity) of discrete hydrometeor individuals in the free atmosphere.

c. The frequency distributions of the geometric size of the hydro-
meteoric individuals, or their configurations in general.

Proper investigations on hydrometeor climatology are still in the preliminary
stage (Vaughan, Reference 23). Conventionalmeteorology is primarily con-
cerned with studying the precipitation falling on the ground, but is concerned
to a much lesser degreewith the history of the hydrometeors in the higher
atmosphere supplying the precipitation. Much effort is still necessary before
adequatestatistical data could be processed into a hydrometeor climatology.
A promising experimental project on free-atmosphere measurements of hydro-
meteors is underway at the Institute of Technologyat Karlsruhe (Germany),
being sponsoredby the U.S. Army Signal Corps.

9. Radiation Climatology. In various altitude regions of the atmos-

phere, particularly above the troposphere, many different types of energy radi-

ation may be encountered. Typical radiation species include (Table XI) in-

frared, visible, ultraviolet, cosmic ray, gamma, and nuclear radiation.

Possible ballistic effects of these radiation types could consist of:

a. Defects to the structural strength of rocket shells.

b. "Clogging" of flight instrumentation.
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There are, by far, not enoughphysical facts known aboutthe eventual inter-
ference of such type radiation with structural material. Detrimental effects of
radiation on flight instrumentation might be more easily accessible. A radiation
climatology could not be expectedfor some time. First, upper air radiation
measurements wouldhave to be established as a routine operation.

10. Status of Aerological Climatology. At the conclusion of the sur-

vey on Rocket Design Climatology, a brief review shall be given on the present

status of aerological station climatology as far as being compiled in the Clima-

tological Ringbook of the Army Missile Command.

In 1957, Army Missile Command ! initiated the establishment of the "Clima-

tological Ringbook" for tabulations of aerological climatologies. Systematic

and co:_sistent work on this project resulted in the edition of 22 volumes of this

ringbook until September 1, 1962, covering 15 worldwide stations. The data of

32 more stations have been prepared for computing the frequency distributions,

or are in the process of preparation (Table IV A and B; Figures 23 and 24).

Much effort is being spent to optimize the numerical quality of the raw data.
The wind data of the American and Asian stations were scrutinized at the U. S.

National Weather Record Center (Essenwanger, Reference 24). For the Euro-

pean stations, a comprehensive scientific program is being performed by Pro-

fessor Scherhag's Institute 2 for the homogenizing and supplementing of the raw

data, with application of synoptic analysis of individual weather situations.

Electronic computer programs have been established for the derivation of

frequency distributions of the aerological parameters (Alfuth, References 2

and 25). All tabulated aerological data are given as a function of altitude in

intervals of 1000 meters up to the radiosonde ceiling. One computer program

for winds and one for the "thermodynamic" parameters of the atmosphere has

been established respectively. The tatter includes pressure, temperature,

humidity, and density. The tabulations of the thermodynamic volumes of the

ringbook give cumulative frequencies of pressure, temperature, and density

as deviations from the ARDC Model Atmosphere, 1959, for 12 months and the

total year. The cumulative frequencies are given at eight frequency levels 3 _

and, additionally, the minimum and maximum values at each altitude level.

t
At that time: Army Ballistic Missile Agency (ABMA).

2
Institut fuer Meteorologie und Geophysik der Freien Universitaet Berlin.

3 Cumulative frequency levels: 0. 135; 2.28; 15.9; 50.0; 68.0; 84.1;

97.72; 99.86 percent.
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The wind data are given at the same frequency levels, with the same altitude
intervals, and for the same time periods as the "thermodynamic" quantities.
The wind parameters included in the tabulations are scalar wind speeds, and
zonal, meridional, easterly, westerly, northerly, and southerly wind compon-
ents. A unique feature of the aerological wind climatologies are the frequency
distributions of vector wind shear, applying scales of distance of 500meters
up to 3 kilometers altitude, and of 1000 meters at heights beyond3 kilometers.

!

It is definitely anticipated that the ringbook parts of both the wind and thermo-

dynamic series, of at least 30 more stations, will be published by the middle
of 1963.

B. TOPICS IN ATMOSPHERIC ROCKET PHYSICS

Even a high-quality climatology is rather useless if the physical laws are

not known which control the ballistic effects of the climatological parameters.

Hence, physical and mathematical methods have to be developed which yield a

quantitative treatment of the specific reactions of the rocket shell and its com-

ponents to particular atmospheric effects. The intricacies of these interactions

between rockets and the immediate surrounding atmosphere are the topics of

atmospheric rocket physics.

From the wide scope of problems in atmospheric rocket physics, some of

immediate interest to advanced rocket development may be selected, namely

(Table XII):

a. Atmospheric turbulence (gust) dynamics.

b. Hydrometeor impact dynamics.

c. Atmospheric rarefied gas physics.

d. Exploration of the ignosphere.

A brief outline will explain the particular physical features of the quoted topics

in atmospheric rocket physics.

i. Atmospheric Turbulence (Gust) Dynamics. The mechanics of

turbulence or gustiness are by far not adequately understood. This is a severe

handicap to the analytical treatment of rocket stability and the impact of non-

stationary aerodynamic forces which is an urgent problem of rocket ballistics.
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The objectives of investigations in turbulence dynamics are as follows (Table

_kIl) :

a. Criteria for the recognition of turbulence from empirical data of the

free atmospheric air flow. The characteristics of turbulence should be ex-

pressed in terms of the physical features of the wind field. The final goal of

this concept is the derivation, or even the forecasting, of turbulence parameters

from characteristic wind and wind-shear profiles.

b'. Analysis of the spectra of both turbulence intensities and frequencies

which are connected with the eddy sizes of the turbulent air flow. The goal

of these investigations is the e.stabtishment of a mathematical model of the

physical properties of atmospheric turbulence, particularly in terms of eddy

intensities and frequencies, or wave lengths, including also statistical features,

like the probability of occurrence of discrete ranges of the turbulence spectrum.

c. An intrinsic topic of the mathematical turbulence model is concerned with

the eddy formation in free-boundary shear flow, since this condition of atmos-

pheric flow appears to be responsible for the major part of occurrence of atmos-

pheric turbulence. The intricate problem of generation and dissipation of atmos-

pheric turbulence cannot be solved reasonably without a large amount of specific

observational data. Rocket flight measurements, on board of both sounding

rockets and booster-type vehicles, are the most proper tools for this purpose.

A first result of determinatio_ _,of the scale of turbulence is shown in Figure 25.

For this statistical presentation, the raw data have been taken from the fast

wind-speed fluctuations of rocket-measured wind profiles above Cape Canaveral,

Florida. The eddy size or scale of turbulence has been derived in terms of

Prandtl's "Mixing Length". Under this concept, Prandtl assumes that the tur-

bulent flow components consist of batches of the flowing medium. These batches

have a relative motion perpendicular to the main flow direction, exchanging

momentum between flow "layers" of different main flow velocities. The "Mixing

Length" is now the distance , perpendicular to the mean flow direction, at which

a moving batch of flowing medium loses its individual existence by mixing with

the surrounding fluid. It turns out that the mixing length is also a measure for

the dimension of the involved batch, or eddy, of the fluid. Thus, the mixing

length is an appropriate measure of both the eddy sizes of the turbulent flow

and the relation between the mean flow velocity and its turbulent fluctuations.

Three prominent features may be derived from Figure 25, namely:

a. There seems to exist a turbulent "basic noise" in the atmosphere which

could be represented by the 50 percent frequency of occurrence (median), which
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is close to the "average" turbulence condition. The eddy sizes of this "basic
noise" increase slowly, in an almost parabolic fashion, with altitude. It
starts with a mimng length of about one meter near the surface, and nearly
stabilizes above20kilometers altitude with a mixing length of approximately
four meters.

b. With the higher levels of frequency of occurrence (98 percent and above},
several prominent layers of increased eddy sizes are evident. The altitude
levels of these layers of obviously more intense turbulent flow may be typical.
The layer at five kilometers altitude appears remarkable, but the layer between
15and 20kilometers altitude may be expected, as being on top of the jet stream,
in the region of receding wind speeds. A third layer of more heavily turbulent
flow is foundbetween27and 35kilometers altitude. This turbulence region is
situated below the third wind speedmaximum, which hasbeenfound statistically
at about 40kilometers altitude in the CapeCanaveral, Florida, windfield (Reisig,
Reference 26).

c. The envelopeof the peak magnitudes of the scale of turbulence as a function
of altitude appearsapproximately as a straight line with a positive slope. This
increase of turbulence intensity with height certainly is opposite to the common
opinion of decrease of turbulence intensity with height in the surface layer.

For intricate measurements at lower flight speeds, a wind shear and tur-
bulence dropsondehas beendevelopedin conjunction with the Army Signal Corps
(Figure 26). The wind-speed fluctuations are determined from the ratio of
measured lateral accelerations and forward airflow speedagainst the falling
body. In Figure 26, the two lateral accelerometers are seenjust beneaththe
lower edgeof the central ring wing, with their sensitivity axes perpendicular
to each other. The airflow speedin the direction of the longitudinal axis of the
dropsondeis measuredwith an air log. The horizontal orientation of the sensi-
tivity axes of the accelerometers is determined by an azimuth meter of the
magnetic type. The perpendicular orientation of the dropsondeis to be secured
by the double-ring wing configuration. With these physical premises, the verti-
cal wind shear canbe determined in eachof the two vertical planes according
to:
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The four measured quantities, that is, two lateral accelerations, the vertical

flow velocity, and the azimuth are to be telemetered to the ground. The flight

path of the dropsonde is to be tracked from the ground by cinetheodolites or

precision radar. In the operational version, the dropsonde is to be carried

aloft by a high altitude balloon with automatic release. The first instrumented

drops of these wind-shear sondes are scheduled by the U.S. Army Signal Corps

for the immediate future.

2. Hydrometeor Impact Dynamics. The specific mechanics of hydro-

meteor impacts on fast-flying bodies are only slightly known (Goetz, Reference

27). The aerodynamic aspects of hydrometeor interference are primarily the

following three: (Table XIV)

a. The interaction of the hydrometeoric elements with the shock wave in

front of the nose of rocket shells at supersonic speeds.

b. The trajectories of the hydrometeoric elements around the rocket shell.

c. The change of shape of the rocket shell due to mass interchange between

hydrometeors and rocket.

As far as the shock wave interference of the hydrometeors is concerned,

it has begn found from laboratory experiments that even water drops do not

break up inside the shock (Engel, Reference 28). The break is deferred to

the space between shock wave and body. It only takes place, however, if
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sufficienttime is available before the integer hydrometeoric element might hit

the surface of the rocket. Sufficienttravel time of the hydrometeor can be ex-

pected at low supersonic Mach numbers at blunt rocket noses. With higher Mach

numbers, the distance between bowed shock wave and body becomes increasingly

shorter, and a higher Mach number could be anticipated at which the hydrometeoric

element would hit the body as an integer with fullimpact.

Ice particles could coagulate at the front of the nose cone if the stagnation

heat could only melt the ice particles to a certain degree but not liquify them.

Changes of the body shape, caused by collected hydrometeors, could endanger

the stability of the rocket shell.

The icing of angle-of-attack meters from supercooled rain, for instance,

would be a corresponding sample of the potentialclogging of vitalrocket flight

instruments.

The analysis and physical explanation of the quoted phenomena needs an ex-

tensive amotmt of empirical data. These are to be obtained from wind tunnel

and ballistic range experiments, as well as from frequent flight measurements

in the free atmosphere. For the latter part of the hydrometeor program, the

proper instrumentation still has to be developed, which should be carried aloft

eithe_ by meteorological and ballistic rockets, by balloon sondes, and airplanes.

These hydrometeor probes impose a substantial number of difficult and unusual

problems on the art of measuring. Some experience has been gained from

meteorite impact measurements on satellite vehicles. A common impact gauge

is of the microphone type with a suspended diaphragm. It has been found, how-

ever, that the response of a diaphragm depends on the impact location on the

diaphragm. Japanese atmospheric physicists designed a shrewd remedy to this

measuring deficiency of the microphone. They mounted a cone-shaped cap on

top and in the center of the diaphragm, so that the whole configuration resembles

somewhat the shape of a mushroom. Any particle impact at any location on the

cone is thus referred to the same elastic conditions in the center of the diaphragm,

The significance of hydrometeoric impacts on rocket shells probably is more

realistic than commonly anticipated. It is believed that at least one ballistic

rocket was lost on a test flight between Cape Canaveral, Florida, and the impact

area in the waters between the West Indian Islands because of potential inter-

ference with hydrometeors suspended in the atmosphere. An almost perfect

test flight of a rocket was abolished a few seconds before successful completion,

due to the presence of a very natural and common feature of the atmosphere like

a heavy rain cloud in the tropics. Such events, by themselves, emphasize the

necessity of thoroughly investigating the hydrometeoric impact problem with

regard to successful rocket flights.
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3. Atmospheric Rarefied Gas Physics. The continuous refinement

of advanced rocket systems no longer allows the ballistic phenomena.at low air

densities in the higher atmosphere to be neglected. The re,entry problems of

ballistic bodies are to a large part tied to the conditions at low densities in the

high atmosphere. The regime of low gas densities pertains to the field of rare-

fied gas physics which no longer deals with a gas continuum, but with the basic

molecular structure of the gas. As a matter of fact, three regimes of rare-

fied gas flow are distinguished (Table XV) :

a. Slip-flow regime, which is characterized by large viscosity effects or

large compressibility effects or both.

b. Transition flow regime.

c. Free-molecule flow, characterized by mean free path lengths larger

than the body dimensions.

The degree of rarefaction of the mass of gas flow increases from slip flow

through transition flow to free molecule flow with the lowest gas density being
encountered.

Analytically, the regimes of rarefied gas flow are characterized by the

Knudsen number, Kn. It is defined as the ratio of the mean free path of a

molecule ( _ ) to a reference length (L), for instance, the longitudinal di-
mension of a rocket shell:

Kn = _/L.

Also, from a physical aspect, the Knudsen number can be expressed by

other non-dimensional parameters. Thus, the Knudsen number is proportional

to the ratio of Mach number to Reynolds number;

Kn _ Ma/Re

The rarefied gas phenomena have a substantial impact on aerodynamic prop-

erties of a high-speed airflow past a body. Particularly in free molecule flow,

the incident airflow is not disturbed by the presence of the flying body (Schaaf,

Reference 29). The aerodynamic forces on the rocket shell depend on its temper-
ature. Under slip flow boundary conditions, both skin friction and heat transfer

are reduced (Schaaf, 1. c. ).
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For analyzing the complex physical conditions during a rocket flight in the
rarefied gas regime, a considerable amount of atmospheric measurements has
to be taken. These measurementsare of general ballistic significance since
really low densities are much easier to obtain in the high atmosphere than in
intricate laboratory "test tubes" (e. g., evacuatedballistic range). Ballistic
and soundingrockets provide highly useful empirical information whencarrying
specialized measuring equipmentaloft. However, the measuring methods them-
selves are subject to the rarefied gas phenomena. This is particularly true for
such basic atmospheric parameters as density and temperature. Especially,
ambient temperature becomesa dubious physical quantity in a highly diluted
gas. For instance, it has beensuggestedto characterize the temperature con-
dition of a rarefied gas flow by its enthalpy value, rather thanby the amount of
the mean kinetic energy of the gas molecules which are supposedto be in the
state of instantaneousthermal equilibrium. The latter is a controversial
physical condition in the rarefied gas regime,

Oneinteresting, andpossibly significant, result has already been obtained
with a set of measurements of the stagnation temperature with ballistic rocket

test flights. Figure 27 shows a comparison between the measured total temper-

ature and the values to be expected, as calculated from the tracked rocket re-

locity and the measured atmospheric temperature, applying the enthalpy method.

It is evident that above Math number 4.5, which occurs between 40 and 45 kilo-
meters altitude, a severe deviation between the measured and the expected

temperatures occurs. Here the rocket definitely flew through the rarefied gas

regime. After correcting the measured data for radiation losses and the partic-

ular Macb number effects on the temperature gauge in this regime, the stag-

nation temperature (T t - T a) at the gmlge is higher than expected from the
translational energy of the impacting gas flow. This means a recovery factor

larger than one in the relation:

T t =

T t =

/4
T a =

A
r --

A

Ma =

T a (1 + r ((_ - 1)/2)

total temperature

ambient temperature

recovery factor

ratio of specific heats

Mach number

Ma 2)
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In other words, the stagnatedheat amount (proportional to _4_ - 1) • Ma2/2)
is larger than the converted amountof kinetic energy of the airflow against the
rocket shell. This phenomenonis being explainedby the theory of free mole-
cule flow (Schaaf, I. c. ), andhas also beenexperiencedwith somewind tunnel
tests (Stalder, Reference 30).

For more intricate investigations of theseunconventional rarefied gas effects,
the measurement of the atmospheric temperature has to be improved substan-
tially, as mentionedbefore. As canbe seenin Figure 27, the radiosonde de-
livers the atmospheric temperature only up to Mach Number 4, just below the
most interesting region. The missing temperature data have to be supplied
from soundingrocket measurements.

Figure 28 showsaconventionalmeasurementof ambient temperature obtained
from a soundingrocket firing at CapeCanaveral, Florida. The ARDC Standard
Temperature is included for comparison, as it has beenused for temperature
extrapolation abovethe radiosonde ceilings. Suchmeasurementproves that
there really exists a need for soundingrocket firings simultaneously with bal-
listic rocket firings for purposes of analysis of rocket flight performance.

4. Exploration of the "Ignosphere". During the discussion of the

foregoing topics of atmospheric rocket physics, the necessity for extensive

measurements of atmospheric parameters at high altitudes has been stressed

numerous times. It is a surprising fact that the altitude region between the

radiosonde ceilings (about 30 km) and the lowest satellite orbits (about 100

km) suffers from the greatest lack of atmospheric information in comparison

to the altitude regions covered either by radiosondes or satellites. Because of

the ignorance on intricate atmospheric conditions between approximately 30 and

100 km altitude, famed Professor Spilhaus of the University of Minnesota baptised
this distinguished altitude region the "Ignosphere" (Table XVI). Extensive in-

crease of atmospheric data collection pertaining to the ignosphere would not

only benefit the area of atmospheric physics, but the area of rocket design

climatology as well, having the extended operational altitudes of future rocket
models in mind.

After all, for the sake of atmospheric rocket ballistics, the dynamic behavior

of the atmosphere has to be understood as a whole, and should not be restricted

to a random altitude level just by the fact that a convenient measuring system,

like radiosondes, fails above this altitude level. The first significant achieve-

ment toward routine measurements beyond the radiosonde ceiling and into the
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higher stratosphere, is the establishment of the Meteorological Rocket Network
in North America. Figure 29 shows the location of the eight stations now par-
ticipating in the synoptic upper atmosphere measuring program (Aufm Kampe,
Reference 31). Daily ascents of ARCASand LOKI meteorological rockets are
performed, except onweekends, during the midmonth of each season, providing
both wind and temperature data up to 75kilometer altitude.

It is also believed that wind measurementson board ballistic rockets made
a significant contribution towards the recognition of the actual structure of both
the low and high regions of the atmosphere. Figure 30 showsa detailed wind-
speedprofile measuredwith a rocket flight over CapeCanaveral, Florida.
The windspeedprofile indicates three layers of wind maxima on top of each other,
and not just one, as commonly assumed until a few years ago. The maximum

windspeeds occur at 11, 29, and 46 kilometer altitude, It is significant that

the highest wind maximum also is the strongest and has a speed of 100 meter

per second. Such strong air currents at these high altitudes have been con-

firmed in the meantime by numerous rocket measurements, particularly over

Cape Canaveral, Florida, and Fort Churchill, Canada. But if these strong

currents exist, also strong temperature differences and, thus, density dif-

ferences must exist between different areas in the atmosphere. It is felt that

investigations in atmospheric rocket physics should include the mechanics and

dynamics of such substantial density gradients in the high atmosphere with

regard to their ballistic significance.

The Ignosphere typically is the realm of the atmosphere for rocket soundings.

Hence, it is strongly expected that a European Meteorological Rocket Network

very soon shall join the stratospheric measuring program in North America

(Faust, Reference 32). The mere existence of the '_Ignosphere", after four

years of extensive satellite measuring activities, greatly justifies the firing of

meteorological rockets on a regular, dense schedule over a widespread geo-

graphical area. In addition, special sounding rockets with "sophisticated"

instrumentation should be fired in a program for investigating the basic physical

aspects of the Ignosphere. The goal of the regular Ignosphere soundings is the

tie-in of atmospheric data between the radiosonde regime and the satellite re-

gime. Finally, an "Ignosphere Climatology" is to be established compatible

with, and equivalent to the growing rocket climatology, which is now bound by

the radiosonde ceiling.

C. ATMOSPHERIC ENVIRONMENTS FOR ROCKET FIRINGS

In the foregoing sections, it was outlined in detail how many ways atmos-

pheric parameters could affect the rocket flight performance. Hence, if it
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comes to an actual rocket firing, the following three groups of atmospheric
aspects haveto be incorporated into the firing preparations, and into flight
performance appraisal and evaluation (Table I):

a. The programming and scheduling of a rocket firing, and the prediction
of the rocket flight performance have to be analyzed in terms of the expected
atmospheric conditions at the time of the firing.

b. The safety of the firing range and the rocket itself has to be checkedat
firing time as to eventualadverse atmospheric conditions.

c. The actual atmospheric parameter values have to be knownwhich were
prevailing during the rocket flight. These atmospheric "in-flight data" are
neededfor the post-flight analysis of the rocket behavior along its trajectory.

i. Atmospheric Aspects of Rocket Flight Programming. The atmos-

pheric aspects of rocket flight programming are based essentially on the aero-

logical climatology of the firing range. The following atmospheric implications

shall be quoted with respect to a successful and efficient rocket performance

(Table XVII) :

a. The first group of atmospheric effects on proper rocket flight performance

is concerned with rocket stability. Stability appraisals have to consider clima-

tological records of wind, wind shear, and gusts, and the probability of hydro-

meteoric effects on rocket stability has to be analyzed as well.

Marginal stability situations might occur during the flight phase of maximum

dynamic pressure (Figure 15), and in the transonic range ( around Mach number

one), or during flight periods of negative aerodynamic stability parameters of

the body in the higher Mach number ranges. These stability studies are usually

performed on an analog computer, using climatological windspeed-, windshear-

turbulence-, and density profiles as perturbation functions.

For securing proper rocket stability, the gain factors of the cont, rol and

gaidance loops have to be adjusted according to expected atmospheric con-

ditions. If the available control-range adjustments cannot match the expected

atmospheric conditions, the particular rocket flight might have to be either

advanced or postponed in _rder to benefit from more favorable climatic prob-

abilities_- for a stable rocket flight. This situation actually happened with one

rocket firing of the JUNO IT -_eries, for which the control and guidance system
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had to satisfy a particularly rigorous stability condition. For the scheduled
firing date, however, the climatological probability of the wind situation at
CapeCanaveral, Florida, did not guarantee stable flight conditions of the
rocket. Thus, the firing datehad to be advancedto the climatologically more
favorable, warmer seasonin order to avoid very costly and time-consuming
modifications of the control and guidancesystem.

b. Second, for each rocket firing, the most likely flight trajectory has to
be determined in advance. Again, climatological datavalid at the scheduled
firing date have to be utilized for the trajectory integration. In the ascending,
powered part of therocket flight path (Figure 31), the atmospheric conditions

have to be compatible primarily with the performance characteristics of the

control and guidance system of the rocket. However, on the ascending and

descending parts of the ballistic (i. e., unpowered) flight path, usually con-

trol or guidance functions are z_o longer executed. The flying body is then fully

exposed to atmospheric influences of various kinds, primarily wind and density
variations.

The theoretical trajectory of the ballistic body is usually being calculated

under the assumptions of zero windspeed and both standard density and temper-:

ature profiles as taken from the ARDC model atmosphere. However, the

actual trajectory is flown by the rocket under the influence of a definite wind

profile, and very likely with a density profile which deviates from the standard

conditions of the model atmosphere. Both actual profiles have to be valid

specifically for the geographic location of the ballistic trajectory, and the time

of the rocket firing.

The ballistic body has different sensitivities to wind influences and density

changes at different altitude levels on its trajectory. These sensitivities depend

mainly on the weight-to-drag ratio of the body. Accordingly, variations of the

impact point of the re-entry body _A Rw; AR/_ ) may be expressed in terms of

these sensitivity factors for both wind (0R/0w), and density deviations

(0R/0 (6_p) ) :

_R w = _0R/0w], W,

Aap = [OR/0(ap)] 6p,

In Figure 31, the trajectory has been split into altitude layers, each of which

is characterized by a set of sensitivity factors (0R/0w! ; (0R/0(50 )/
t 1'
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For each such altitude layer, the values of wind and density deviation are taken
from a local and timely wind profile and a density-deviation profile. Then_
the individual range deviations of eachaltitude layer are summedup to the
total range displacement of the re-entry-body impact:

EAR = Ei (aR/aw)i ' WRi 4" Z (DR/8(SP))i " 5Pi '

The same procedure is valid for the crossrange displacement:

EAC = Ei (aC/Sw)i . Wci 4- E (aC/a(Sp)) i , 5pi "

The precalculated trajectory has theii to be compensated for both the range

and the crossrange displacements, in order to have the re-entrY body impact
with the most probable accuracy. This compensation is achieved by proper

presettings in the range computers of the guidance system on board the rocket.

The atmospheric temperature conditions are effective on the rocket tra-

jectory mainly in terms of the Mach number, which, in turn, greatly affects
the drag coefficient.

The wind profiles and density- and temperature-deviation profiles to be

utilized for these compensations of the impact displacements will most likely
be the climatological means. Much better results would be achieved with

characteristic mean profiles, because of "historically" more realistic mean

values, and consequently smaller dispersions (Sections II, A-.. 1 and II. A. 5!.

The most accurate displacement corrections would, of course, be obtained

with individual, local radiosonde-data profiles, at the time of the rocket firing.

However, these are rarely available for the impact area.

With this method of impact compensation of atmospheric effects on re-entry

bodies, it has been determined that the impact accuracy of a ballistic rocket

with 2800 kilometer ballistic range was improved by 40 to 60 percent of its

error range without atmospheric compensation.

The rocket weight is also involved in wind and density conditions, since,

eventually, a propellant reserve has to be planned for an extended propulsion

phase caused by prevailing head winds or an atmosphere denser than the
standard.
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2. Atmospheric Aspects of Rocket Flight Safety. At the time of the

actual rocket firing, the atmospheric conditions physically effective on the firing

range have to be inserted into a check on the performance within established

safety margins (Table XVIII). Included in the necessary safety parameters are

those affected by wind and windshear conditions, as the allowable structural

load on the rocket shell, the operational margin of the contyol and guidance

systems, and the general aerodynamic stability margins. "As an example, the
launching of the first satellite of the Free World, Explorer 1, was postponed for
almost 24 hours because of severe wind conditions (jet stream) above Cape
Canaveral, Florida.

Another atmospheric parameter whose safety margin has to be checked is

represented by hydrometeors, with regard to general precipitation conditions,

icing cbnditions, _visibili_y conditions for optical tracking of the rocket flight

path, and precipitation noise for radar tracking of the rocket trajectory.

At the l_tunching site proper, some atmospheric "operational environments"

have to be observed in order to guarantee both a safe lift-off and a proper flight

performance of the rocket. Thus, ambient temperature data enter into the pro-

pellant performance. In connection with the atmospheric temperature, surface

winds affect the heat transfer coefficient, and determine to a noticable degree

the prelaunching evaporation losses of Iox.

Surface winds and gusts also affect the static, prelaunching stability of the

rocket, and its initial, or lift-off stability. Because of the elastic properties

of the rocket shell, concern exists about the forming of a v. Karman-vortex

street on the lee-side of the erected rocket which might tumble down the rocket

in case of structural resonance.

Visibility influences the accuracy of laying the rocket into the predetermined

firing direction. As mentioned before, adequate visibility conditions are also

essential for optical follow-up of the rocket flight path.

A very recent safety aspect of atmospheric operational environments shall

be quoted for completeness sake. It is concerned with sound generation of the

very large rocket engines of space boosters. The acoustic energy level of these

gigantic engine assemblies (up to t0 million kilopond thrust} is so high {up

to 125 million acoustic watt) that personnel at rocket experimentation stations,

including launch sites, cannot be exposed to it, and structural damage to build-

ings has to be expected. At these excessively high acoustic energy levels,

sound propagation has to be closely monitored, specifically with regard to

actual aerological wind-, temperature-, and density-profiles, in order to

avoid severe focusing effects of sound.
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3. Atmospheric Analysis of Rocket Flight Perfdrmance. After ex-

plaining in detail the ballistic significance of atmospheric parameters under the

topics of "Rocket Design Climatology" and "Atmospheric Rocket Physics", it

appears self-evident that rocket launching installations have to be equipped to

the optimum for laroviding all pertinent atmospheric information which is needed

for the intricate evaluation and analysis of both exterior and interior ballistics

of the rocket flight performance. In Table XIX, these parameters are quoted

again for reference. These atmospheric measurements have to be performed

through the whole spectrum of altitude ranges, starting with surface observa-

tions, passing through the radiosonde range, the meteorological rocket range,

and, eventually, reaching into the orbital range of observational satellites.

Due to the necessary refinement in the ballistic flight analysis, the technical

quality of the atmospheric soundings has to be of first rate. Intricate error

analysis of presently-available measuring methods, particularly with radio-

sondes (Lenhard, Reference 33; Reisig, Reference 34) proves that these

measuring techniques have to be improved substantially in order to match the

advanced rocket technology of the present time. Especially, systematic

errors should be eliminated, arising from the long flight time and the extended

drift path of radiosondes which never can yield any instantaneous and strictly

local atmospheric profile (Reisig, Reference 14). Thus, the rocket launching

installations should be strong promoters of advanced atmospheric measuring

techniques.

It is also self understood from the previous statements that a comprehensive

aerological climatology should be available at every rocket launching installa-

tion. This type of climatology is still in its infancy, and even the aeroclimato-

logy of Cape Canaveral, Florida, is still far from being complete. Particularly,

any aeroclimatology in terms of characteristic profiles is simply not in exist-

ence at any rocket launching location. Again, the launching installations should

take the lead in this important aspect of atmospheric ballistics.

HI. CONC LUSION

Concluding the elaborations on the role of atmospheric physics in rocket

technology, it is believed that the atmospheric aspects of rocket engineering

could be proven one of its fundamental components. Today's intricate rocket

systems cannot be thought of without full respect to the numerous physical

effects in the atmosphere.
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Substantial basic work has beenaccomplished in the past decadeof atmos-
pheric ballistics. The main problems of atmospheric physics with respect to
rocket performance could be formulated to a high degreeof completion. The

analytical approaches to many problems of atmospheric rocket physics could

be established, but much numerical work remains to be done. The main ob-

jective of numerical programs in atmospheric ballistics is the establishment

of advanced aerological climatologies. The most urgent topics of this pro-

motion of aeroclimatology should be:

a. Presentation of climatological parameters in terms of characteristic

profiles, as a particular mode of stratified or synoptic climatology.

b. Advancing the climatological analysis, and establishment of frequency

distributions, of less conventional atmospheric parameters, like wind shear,

turbulence, and hydrometeors.

c. Establishment of true global, or at least hemispherical, climatologies

of all discussed atmospheric parameters.

Again and again it has to be emphasized that frequent measurements in the

free atmosphere are the key to new and badly-needed knowledge. The out-

come of increased efforts under this topic should be the European sector of the

synoptic meteorological rocket network (Faust, Reference 32). Parallel en-
deavor should be concerned with a substantial advancement of the art of atmos-

pheric instrumentation. The present situation of sounding carriers being

available without proper measuring equipment has to be improved drastically

and rapidly.

Rocket men have postulated the atmospheric problems in ballistic terms.
r:

Meteorologists now are expected to join the team with their abundance of

atmospheric experience, but realizing the ballistic peculiarities of rockets

flying in the atmosphere.
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I BRANCHES OF ROCKETI
TABLE I[ DESIGN CLIMATOLOGY

Tr IROCKET DESIGN CLIMATOLOGY

....I.n..A.:3t TURBULENCE AND GUSTINESSCLIMATOLOGY

------tE.A,4t DENSITY CLIMATOLOGY

"-_tn.ASI PRESSURE CLIMATOLOGY

_! rlA_6t TEMPERATURE CLIMATOLOGY

I D.A7 HYDROMETEOR CLIMATOLOGY

lIT-AS t RADIATION CLIMATOLOGY
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I TABLE TIT I

I
ROCKET APPLICATION OF I

WIND CLIMATOLOGY I
ATMOSPHERIC PARAMETER

WIND SPEED I

(AVERAGE WIND SPEED PROFILE)

BALLISTIC EFFECT

A.o'.o.,,T',,_,,t- ,,__ ]

L_,,,_.IF -I

oY..,,,__,,.sso.._ o . ,vo_w,.]

I

I

a = ANGLE OF ATTACK

7" : RATIO OF SPECIFIC HEATS

= VISCOSITY
p = ATMOSPHERIC DENSITY

,_, : ATTITUDE ANGLE

A L = LATERAL ACCELERATION
L --- CHARACTERISTIC LENGTH

Mo c, MACH NUMBER
Q _ DYNAMIC PRESSURE

R -"- GAS CONSTANT

Re _ REYNOLDS NUMBER

T a _ AMBIENT TEMPERATURE

Vg = GEOMETRIC VELOCITY OF BODY
W = WIND SPEED

38
m



N
v"
0
0
m
(.9
Z

._led

t,.)

f'_ f,.l..l

m_

0:>
I.-- U.l

_mmm

(,.) °.

u..<z
nl.m

Z
0
m

l

bul
J
KID

NOI.LVB Vd':l)'lcl VJ.VO (/) (/) Ul Z t/JI *"t (/) (/) (/) r#) _"t ZUlZZ

S311NVNAOOIN_3HJ. o o o I o o o o o o o • • •

ONI/_ ooo e 0oo o o o o • o •

>-
n-
l--
Z

0
(J

.¢
(J
(z:

,<

-1'-
I--
n-
O
z

¢0

bJ
(1.
o

0 ">- >.. >"
0 Z I_ ZZ <_ Z

>- n,, u} <[ u') LIJ (n z la.I ::) iJ.i

NOI.LVSVd31:Icl V/VQ (n (nzcncn (no 0 (,') zcncn (n (n (n (n

SOIINVNkOOIN_I3HJ. o o o o 0 o o o o o o o 0 o

(]NIA_ Oo e o 0 oo o • o o 0 o o

<_

w..JZ

n" _) bJ (/) (/_ IJJ bJ 0 ,v" (/) ILl
(.9 >'- (.9 ::> ::_ (.:_¢_ Z _ ,:::) ::_

P--

>-
r_

< z

-- 0
h
<Z

"r
I--
n,"
0
Z

hi
(1.
0

_ V-:_

-T

"1-

0

m_
IAI_.,.

zz_

umu.. n,- (_
z
__¢m °

zl.iJ

"r__z _-
_< z<
_ZL_I _0

w ._:

t:_l £_1:_ b.. la- n*

z}<._, ¢,01¢.

3 _.



NOIJ.VHVd3_d V.LV(] z z 2: z z z z z z
i

SOIWVNAQOWt:I3HI I i 0 o o I I • i

QNit_ ' • o o o o o o • •

1

| J

>- (/) ¢0_0

i- <¢ z n- _ '
.i Z : (jm E 0

E_ -; P < _3 <z
z , '-' m _ m' _- a: Q.

u(n

_<

i _b,_ .d

z o << #) <_ _ z,.,

ZZe'__z -- z <[,.u j.j _ i->-

Zz ,,, .'_ z _ -m" "w u=z
•<'< ,.,< "'0c 0 n, (n

_.- N z z _ _ ox
_z _ -; __ _ 0_ _ _- _- ,.,-'°zx,

"_iOIJ.V_V_i:_HdV.LVO z z z_ z z z z
I

Z

5u_ p
• 0 • 0 00, .-:_,, :D_.... • o • •I

bJ _ '-- ¢t) h,

:z:p._zz _

I- bJO_i
_ u_ uJLU _l

< (n < < (n (n (n ,., ,T,m ,_1

om
B I

=,,. !q
Tb-

z 0
I ;- <¢ '¢[ _'¢[ =,.,(/1<[

_ x .,_ z__
._. < o __< <_: _.. z_ -'<.
"" .J o _ o-_o_<<a_z_

c_ j - < < - _ _: _:_

4O



i
ROCKET APPLICATION OF

WIND SHEAR CLIMATOLOGY I
ATMOSPHERIC PARAMETER

WIND SHEAR I

(SLOPE OF AVERAGE
WIND SPEED PROFILE)

BALISTIC EFFECT

BALISTIC PARAMETER ANALYTICAL TERMS

ANGLE OF ATTACK
INCREMENT

ANGULAR VELOCITY
OF ROCKET AXIS

AW
Z_a = _O (I-<1) _ Vo

(vo= _ w)

--= f = f (AW)
dT

CHANGE OF dA L
LATERAL -- dT - f (AW)

ACCELERATION

NONSTATIONARY
AERODYNAMIC

MOMENT

. aCN o
Z_M=-- • AW,

am

• (vg-?-W) - _ • L • S

Z_W
SCALE OF WS=-- = f (SOD)
DISTANCE _H

a _ ANGLE OF ATTACK

p _ ATMOSPHERIC DENSITY
_ ATTITUDE ANGLE

AL _ LATERAL ACCELERATION

CNa _ AERODYNAMIC MOMENT
COEFFICIENT

H _ HEIGHT

L _ CHARACTERISTIC LENGTH
S _ CROSS-SECTIONAL ARE.6
SOD _ SCALE OF DISTANCE
T _ TIME

Va _ AIR FLOW VELOCITY

V9 _ GEOMETRIC VELOCITY OF BODY
W 9 WIND SPEED
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I TABLE' "V I" J

:ATMOSPHERIC PARAMETER

I TURBULENCE (GUSTS) I

(SHORT DURATION WIND

SPEED FLUCTUATIONS

ABOUT AVERAGE

WIND SPEED )

ROCKET APPLICATION OF I

TURBULENCE J(GUSTINESS) CLIMATOLOGY

BALLISTIC EFFECT

BALLISTIC PARAMETER ANALYTICAL TERMS

SCALE OF TURBULENCE
(EDDY SIZE)

MIXING LENGTH
(PRANDTL)

FREQUENCY OF EDDIES -- F= f(8 W)

ANGLE OF ATTACK
INCREMENT

_,, =Bw .(l_a)= S__w
Va Vo

V o =Vg_ W

ANGULAR ACCELE- d2@ (dZ" 1RATIONS OF ROCKET ----= fAx,s q
= f (SW)

_CNe
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TABLE"OTIT

ROCKET APPLICATION OF

PRESSURE!CLIMATOLOGY

ATMOSPHERIC PARAMETER

ATMOSPHERIC !PRESSURE

BALLISTIC PARAMETER

I

PRESSURE DISTRIBUTION
AROUND BODY SURFACES

BASE DRAG

i THRUST GAIN

DENSITY
DETERMINATION

BALLISTIC EFFECT

ANALYTICAL TERMS

u P$-PoAP = =Cp
Q Q

DB= CDB'Q'S,

PB-Po SBi
CDB=--"

Q S

G F = (Pex- Po) • Sex •

J

= PO .)
_1 P = R,T o

•/ _ THRUST EFFICIENCY COEFFICIENT

p _ AIR DENSITY

CDB @ BASE DRAG COEFFICIENT

Cp --" PRESSURE COEFFICIENT

DB _ BASE DRAG

GF _ THRUST GAIN

Pa _ ATMOSPHERIC PRESSURE

PB _BASE PRESSURE

Pex _ NOZZLE EXIT PRESSURE

Ps "-- SURFACE PRESSURE

Q _ DYNAMIC PRESSURE

R _ GAS CONSTANT

S _- REFERENCE AREA

S B 9 BASE AREA

Sex_ NOZZLE EXIT AREA

To _ ATMOSPHERIC TEMPERATURE

w) EQUATION OF STATE OF GAS
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TABLE "13t"

I
ROCKET APPLICATION OF I

TEMPERATURE CLIMATOLOGY I
ATMOSPHERIC PARAMETER

I ATMOSPHERICTEMPERATURE

BALLISTIC EFFECT

BALLISTIC PARAMETER I ANALYTICAL TERMS

I DENSITY H ,o = --P° J ,)DETERMINATION R "T--_

L H ]MACH NUMBER Me = 1/T.R-T o

i .,Y.OLOS.e V°LINUMBER _ (To)

J PRANDTL H Pr - _(Ta}NUMBER p (To}. K

J DRAGCOEFFICIENT __J CD=f(Ma ; Re;Pr)=f(T a)

I I
AERODYNAMIC I-----I Tt = Ta (I + _ Ma 2,)

HEATING I I

7 _ RATIO OF SPECIFIC HEATS

_9 _ VISCOSITY

p =_ AIR DENSITY

C D _ DRAG COEFFICIENT

K _ THERMAL CONDUCTIVITY

L _ REFERENCE LENGTH

Ma L _ MACH NUMBER

Po _ ATMOSPHERIC PRESSURE

Pr: _ PRANDTL NUMBER '

R _ GAS CONSTANT

Re _ REYNOLDS NUMBER

"To _ ATMOSPHERIC TEMPERATURE

Tt o_ TOTAL TEMPERATURE

Vo _ AIR FLOW VELOCITY

_} EQUATION OF STATE OF GAS
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IATMOSPHERIC ROCKET BALLISTICSI

TABLE'lc'rr I 2 ATMOSPHERIC ROCKET PHYSICS I

ATMOSPHERIC ROCKET PHYSICS 1

H:E.B.I I TURBULENCE (GUST) DYNAMICS

-_3T.B. 2 1 HYDROMETEOR IMPACTS

--tZ[.B.3 I RAREFIEDGASPHYSICS

tlT.B.4 ! EXPLORATION OF IGNOSPHERE
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